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3D spaceResults of earlier multiple object tracking (MOT) studies imply that humans can track several moving tar-
gets in a 2D environment simultaneously. Recently, a study suggested that stereoscopic depth has posi-
tive effect on tracking multiple objects when the objects are presented separately on multiple planes.
However, it remains unclear whether or not humans can track moving targets in a real 3D environment.
In this study, we investigated this issue displaying four targets and four distractors on near and/or far
depth planes separated physically by 6, 10 or 50 cm using a half-mirror and two CRT-monitors. In addi-
tion we also tested whether participants could track the targets when either a target or a distractor chan-
ged depth during tracking. Our results suggested that performance dropped if the targets were presented
on both depth planes especially when the distance between the planes was 50 cm. In addition, partici-
pants could track a depth-changed target if targets were presented on both planes before the start of a
motion phase regardless of whether the initial state of targets distribution randomly varied or not,
whereas they failed to track the target if all targets were presented on a single plane before MOT. In con-
clusion, humans have the ability to set attention on a wide range for MOT in a real 3D environment, with
the provision that the efﬁciency of the tracking is critically dependent not only on the distance in depth
but also on an initial state of distribution of the targets without the predictability of the initial state.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Various activities in our daily lives require attention to multiple
regions simultaneously. Examples include behaviors ranging from
controlling air trafﬁc at busy airports or monitoring children in a
crowded swimming pool to watching sports such as soccer or bas-
ketball at a stadium or on TV. In laboratory studies, multiple object
tracking (MOT) tasks are used to investigate such attentive track-
ing of moving objects (Pylyshyn, 2001; Pylyshyn & Storm, 1988;
Yantis, 1992). An example of a typical MOT task involves a visual
display in which about 8–10 objects are presented on a screen
and some are ﬂashed as targets; next, all objects are rendered iden-
tical and they begin to move haphazardly. This motion phase usu-
ally lasts 7–15 s during which objects move and participants are
told to continuously track all of the designated target objects
within the combined motions of targets and distractors. After the
motion phase, all objects cease motion at which point participants
must select all previously designated targets.
Previous MOT studies suggest that humans can attentively track
multiple moving targets simultaneously, but this number is notﬁxed; presumably it depends on allocated attentional resources
(for a review, see Cavanagh & Alvarez, 2005). For example, partici-
pants can successfully track eight targets that move slowly, while
they can track only one target moving rapidly (Alvarez &
Franconeri, 2007; Wolfe, Place, & Horowitz, 2007). Similarly, if
there is no overcrowding of distractors among the targets and they
move slowly, up to seven targets can be attentively tracked
(Franconeri et al., 2008). Clearly, tracking accuracy of moving tar-
gets is strongly affected by attention resources according to task
demands (Cavanagh & Alvarez, 2005).
A majority of MOT experiments focus on attentive tracking for
the moving targets that are displayed on a two-dimensional (2D)
surface, although several studies have provided evidence on char-
acteristics of tracking in three-dimensional (3D) space using pic-
torial depth cues (Liu et al., 2005; St. Clair, Huff, & Seiffert, 2010;
Vidakovic´ & Zdravkovic´, 2010; Zelinsky & Neider, 2008) or binocu-
lar disparity (Viswanathan & Mingolla, 2002). Concerning the
effect of the pictorial depth cues, relative size (Liu et al., 2005)
and contrast of objects (Vidakovic´ & Zdravkovic´, 2010) facilitate
tracking of moving targets. In addition, distributed attention to
multiple depth planes was examined using binocular disparity,
providing evidence that attentive tracking is easier when targets
and distractors are distributed on two different planes than on a
single depth plane (Viswanathan & Mingolla, 2002).
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attentively track moving targets under a virtual 3D space that were
constructed using stereoscopic or pictorial depth cues, no evidence
has been found for MOT in a real 3D space, where objects are
located physically at different depths. The aim of the present study
is to investigate characteristics of attention in an MOT task in
which objects are divided into two different depth planes, both
of which are physically separated by a half-mirror and two moni-
tors. To address the topic of 3D target tracking, we conducted six
experiments in which eight moving objects (i.e., four targets and
four distractors) were presented on the same or at different depth
planes. In Experiment 1, we investigated whether the targets on
different planes, separated by 10 or 50 cm, could be tracked
simultaneously if the moving objects remained at the same depth
throughout a trial. The next four experiments were designed to
investigate attentive tracking and determinants of an observer’s
ability to track a target or ignore a distractor that changes in depth
during a trial. In Experiment 2, targets and distractors were dis-
tributed equally over each plane at the beginning of a trial. In
Experiments 3 and 4, the targets and distractors were presented
on different depth planes separately at the start of the trials. The
only difference between Experiments 3 and 4 was that a pictorial
depth cue of relative size was provided in Experiment 4. In
Experiment 5, the conditions used in Experiments 2 and 3 were
intermixed to investigate whether or not the unpredictability of
distribution of objects at the beginning affects attentive tracking
to a depth-changing target. In Experiment 6, we investigated
whether the targets on different planes could be tracked easily if
the depth between two planes was kept 6 cm.Fig. 1. Pictorial representation of a top view of experimental setup. A half-mirror
and two monitors are used to produce shorter- and longer-depths. The viewing
distance to the near monitor through the half-mirror is ﬁxed at 60 cm. The viewing
distance to the far monitor via the half-mirror is 70- in the shorter-, and 110-cm in
the longer-depth, respectively.
Table 1
Number of targets and distractors on near and far plane for each distribution
condition in Experiment 1. T and D indicate target and distractor, respectively.
Condition Near plane Far plane
T D T D
All-objects-near 4 4 0 0
All-objects-far 0 0 4 4
All-Ts-near 4 0 0 4
All-Ts-far 0 4 4 0
Three-Ts-near 3 1 1 3
Three-Ts-far 1 3 3 1
Equally-distributed 2 2 2 22. Experiment 1
In Experiment 1, we investigated whether participants could
perform better in attentive tracking of moving targets presented
on two different depth planes under a real 3D environment where
the two planes were physically separated. In other words, there
were near and far planes in terms of a participant’s view. Four tar-
gets (Ts) and four distractors (Ds) were presented in all trials, and
their distribution on each plane was controlled systematically (see
Methods for details). To examine the spatial extent of attentional
tracking, we varied the distance between the planes; that is
between the shorter depth condition (10 cm) and the longer depth
condition (50 cm).
2.1. Methods
2.1.1. Participants
Eighteen participants (8 males, 10 females; aged 18–35 years;
mean 22.7), students at Kagoshima University, took part in the
experiment. They were paid a small amount for participation. All
had normal or corrected to normal vision. Written informed con-
sent was obtained from all participants. This experiment was
approved by the Committee of Ethics, Kagoshima University in
accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving
humans.
2.1.2. Apparatus and stimuli
Visual Stimuli were created with MATLAB for Windows XP and
Psychophysics Toolbox (Brainard, 1997; Kleiner & Pelli, 2007; Pelli,
1997). The stimuli were presented on a pair of 17-in. CRT monitors
with a resolution of 1024  786 pixels at 85 Hz. The stimuli pre-
sented on both monitors were optically overlapped using a half-
mirror. There were eight moving objects, consisting of light-gray
rings (0.62 of visual angle in diameter), on a white backgroundwith a light gray square frame (8.6  8.6). Four of the objects,
designated as targets, were ﬁlled with gray during the initial period
prior to the motion. All objects moved randomly at 2/sec during a
motion phase. The objects could intersect each other and bounce
off the edges of the square to remain inside the white background
of the frame.
All participants used a chin rest to maintain 30 cm distance
from the half-mirror. Which actually is a beam splitter that allows
transmit 50% and reﬂects the remaining amount of light. Same
depth separation can be created by either moving projecting dis-
play or the display in register with participant’s head. One of the
monitors (a near monitor) was located 30 cm behind the half mir-
ror, and another monitor (a far monitor) was 40 cm (shorter-depth
condition) or 80 cm (longer-depth condition) left of the half-mirror
(Fig. 1). Thus, the viewing distance to the near monitor through the
half-mirror was 60 cm, while the distance to the far monitor was
70 cm in the shorter-depth condition or 110 cm in the longer-
depth condition (i.e., substantial depth differences between the
monitors were 10 cm in the shorter-depth condition and 50 cm
in the longer-depth condition).2.1.3. Procedure
Three within-participants factors (depth, distribution, and ﬁxa-
tion) were examined. There were two conditions of depth planes
(shorter- and longer-depth conditions). The distribution factor
included seven conditions (Table 1); two conditions where all
objects were presented on a near or far plane (all-objects-near con-
dition and all-objects-far condition), two conditions where all tar-
gets were presented on a plane and all distractors were presented
on another plane (all-Ts-near condition and all-Ts-far condition),
two conditions where three targets and one distractor were pre-
sented on a plane and other objects were presented on another
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one condition where each plane had two targets and two distrac-
tors (equally-distributed condition). To check the effect of ﬁxation
on MOT in our environment, we used two ﬁxation conditions; a
ﬁxation mark was presented on the near monitor (ﬁxation-near
condition) and on the far monitor (ﬁxation-far condition).
There were two sessions for the depth conditions on separate
days. Each session consisted of two blocks of ﬁxation conditions.
We divided participants into two groups. One group completed
sessions longer-ﬁrst and shorter-depth later, in the other group,
the order was reversed. In addition, for the half of the participants
in each group, a ﬁxation mark was presented on a far plane in the
ﬁrst ﬁxation block and on a near plane in the second ﬁxation block.
Same strategy was applied for the remaining half of the partici-
pants in the opposite order of ﬁxation planes. Each block consisted
of 70 trials (10 trials for each of the seven distribution conditions)
presented in random order. A total of 280 trials were given to each
participant (2 depth conditions  2 ﬁxation conditions  7 dis-
tribution conditions  10 repetitions). Before each session, partici-
pants engaged in 14 trials of practice. Each session with practice
trials lasted for about an hour.
Fig. 2 presents a schematic illustration of the experimental pro-
cedure. Each trial began with a preview phase where a set of four
targets (gray ﬁlled circles) and four distractors (light-gray rings)
were presented with a ﬁxation mark (+) on the background with
the frame. All objects were scattered randomly on the depth
plane(s). Participants were asked to attend to the targets.(a) Preview phase
(until response)
(b) Motion
(4.2 s
+
Fig. 2. Schematic illustration of the experimental procedure. (a) Preview phase where fou
where all objects become identical and move randomly for 4.2 s. (c) Response phase whe
the four targets by pressing identical number keys.
Table 2
Results of multiple post-hoc comparisons using Tukey’s HSD for seven distribution conditio
indicate all-objects-near, all-objects-far, all-Ts-near, all-Ts-far, three-Ts-near, three-Ts-far,
Condition Shorter-depth
AO-near AO-far AT-near AT-far 3T-near 3T-far
Shorter-depth
AO-near n.s. ⁄ ⁄ ⁄ ⁄
AO-far ⁄ ⁄ ⁄ ⁄
AT-near n.s. ⁄ ⁄
AT-far ⁄ ⁄
3T-near n.s.
3T-far
Longer-depth
AO-near n.s. n.s. ⁄ ⁄ ⁄ ⁄
AO-far n.s. n.s. ⁄ ⁄ ⁄ ⁄
AT-near ⁄ ⁄ n.s. n.s. ⁄ ⁄
AT-far ⁄ ⁄ n.s. n.s. ⁄ ⁄
3T-near n.s. n.s. ⁄ ⁄ ⁄ ⁄
3T-far ⁄ n.s. ⁄ ⁄ n.s. n.s.
ED ⁄ ⁄ ⁄ ⁄ ⁄ ⁄
Note. ⁄p < .05.Participants were also instructed to maintain attention on the ﬁxa-
tion mark during the motion phase of each trial. After pressing the
zero key on the numeric pad, a motion phase began. In this phase,
all objects were rendered as identical (i.e., light-gray rings) and
started moving randomly for 4.2 s. The motion phase was followed
by a response phase in which each object was given a number (1–
8) randomly, and a participant had to select all four targets by
pressing corresponding keys on the numeric pad. Feedback was
provided; when the pressed number was a target, the target chan-
ged to a gray ﬁlled circle accompanied by a high-beep, while when
the pressed number was a distractor, the distractor changed to a
dark-gray ﬁlled circle accompanied by a low-beep. After pressing
four keys a preview phase of the next trial started.
2.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. A three-way repeated-measures analy-
sis of variance (ANOVA) was performed on tracking accuracy with
depth, distribution, and ﬁxation factors. There was no signiﬁcance
of main effect of ﬁxation factor, F(1,17) = 2.11, n.s., gp2 = 0.11.
However there were signiﬁcant main effects of depth factor,
F(1,17) = 9.40, p < .01, gp2 = 0.36, and distribution factor,
F(6,102) = 95.71, p < .001, gp2 = 0.85. Importantly, the interaction
between depth and distribution factors was also signiﬁcant,
F(6,102) = 11.70, p < .001, gp2 = 0.41. Multiple post hoc comparisons
of the interaction using Tukey’s HSD (5%) are shown in Table 2.1 5
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Fig. 3. Results of Experiment 1. Ts indicate targets. Error bars indicate the standard
error.
Table 3
Number of targets and distractors on near and far planes for each distribution
condition in Experiment 2. T and D indicate target and distractor, respectively.
Condition Preview phase Response phase
Near
plane
Far
plane
Near
plane
Far
plane
T D T D T D T D
No-depth-changing 2 2 2 2 2 2 2 2
T-near-to-far 2 2 2 2 1 2 3 2
T-far-to-near 2 2 2 2 3 2 1 2
D-near-to-far 2 2 2 2 2 1 2 3
D-far-to-near 2 2 2 2 2 3 2 1
4 A. Ur Rehman et al. / Vision Research 109 (2015) 1–10Other interactions were not signiﬁcant. Fig. 3 shows mean number
of targets accurately tracked for shorter- and longer-depth condi-
tions, where ﬁxation did not evidence any signiﬁcant effect and
interactions with any other variables in Experiment 1.
The results of all-objects-far and all-objects-near conditions
showed similar tracking accuracy on both depth conditions.
These results indicate that in this study tracking was not affected
by visual distance (relative to the observer) when all objects were
presented on a single plane. Similarly, the results of all-Ts-far and
all-Ts-near conditions showed no effects of depth with higher per-
formance levels. That is, the current tracking task was quite easy
when targets and distractors were separated by different planes,
regardless of the depth conditions. Previous study demonstrated
that visual attention can be oriented to a particular location in
depth (Theeuwes & Pratt, 2003), and thus, observers can focus only
on stationary targets in one depth plane with no interference from
stationary distractors that are presented on another depth plane
(e.g., visual search task; Nakayama & Silverman, 1986, ﬂanker task;
Andersen & Kramer, 1993). Similarly, in the present study using
moving objects, the distractors on the plane other than targets
could be ignored, which did not interact with tracking of targets
presented on the focused plane. These results suggest that obser-
vers can focus on a particular depth plane and ignore another
regardless of whether objects are stationary or moving.
The results also showed that tracking accuracy on the equally-
distributed condition was better in the shorter-depth condition
than that for the longer-depth condition. These results suggest that
an increase in depth between the planes hindered attentive track-
ing when both planes had two targets each. This pattern of results
is not consistent with previous research demonstrating that track-
ing the targets on different planes was easier than tracking of those
on a single plane (Viswanathan &Mingolla, 2002). This discrepancy
between the present and previous studies may be due to differ-
ences of depth. We address this issue in Experiment 6.
Performance for the three-Ts-far condition was almost identical
in both depth conditions, while performance for the three-Ts-near
condition was better in the shorter-depth condition than that in
the longer-depth condition. These results might reﬂect asymmetric
attentional area in depth; that is, in asymmetric attention, the
range of attention is narrower when considered from a point of
focus toward an observer than in the opposed direction i.e., away
from the observer (Andersen, 1990). It is possible that, for tracking
in the three-Ts-near or three-Ts-far conditions, observers used a
strategy involving a focus on the harder depth plane where one
target was presented with three distractors, regardless of ﬁxation
conditions. In this case, in the three-Ts-far condition, both depth
planes could be within the focal area of attention even in thelonger-depth condition; this should lead to the similar perfor-
mance in both depth conditions. On the contrary, in the three-Ts-
near condition, observers could focus on a far plane that had only
one target, so the other targets presented on the near plane may
tend to lie outside of the attentional area when distance in depth
was longer.3. Experiment 2
Experiment 1 revealed the basic characteristics of attention for
tracking when the objects were distributed on physically different
depth planes. In the next four experiments, we investigated atten-
tional ability to consistently track a target even when one of the
objects changed its depth at the midpoint of the motion phase.
In particular, we focused on effects due the initial state on each
trial. In Experiment 2, targets and distractors were distributed
equally on two depth planes at the beginning of each trial. If par-
ticipants can attend to both planes, tracking performance should
be nearly the same regardless of whether an object changed its
depth or not.
3.1. Methods
3.1.1. Participants
A new group of 23 participants (10 males, 13 females; age 18–
29 years; mean 23.1), students at Kagoshima University, took part
in the experiment. They were paid a small amount for partic-
ipation. All had normal or corrected to normal vision. Written
informed consent was obtained from all participants. This experi-
ment was approved by the Committee of Ethics, Kagoshima
University in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments
involving humans.
3.1.2. Apparatus, stimuli, and procedure
The apparatus, stimuli and procedure used in Experiment 2
were all identical to those of Experiment 1, except as speciﬁed
below. In a preview phase of all trials, four targets and four distrac-
tors were distributed equally on each depth plane (Table 3). Three
within-participants factors (depth, ﬁxation, and depth-changing)
were examined. The depth and ﬁxation factors were the same as
in Experiment 1. There were ﬁve depth-changing conditions; the
no-depth-changing condition where all objects stayed in their
depth plane until the end of the motion phase (i.e., the same as
the equally-distributed condition in Experiment 1), two conditions
where one of the targets moved from the near to the far depth
plane (T-near-to-far condition) or vice versa (T-far-to-near condi-
tion) 2 s after the start of the moving phase, and two conditions
where one distractor moved from one plane to another (D-near-
to-far condition and D-far-to-near condition). In the depth-chang-
ing conditions, when an object disappeared from one plane, it
appeared on the same position in another plane and continued to
Fig. 4. Results of Experiment 2. T and D indicate target and distractor, respectively.
Error bars indicate the standard error.
Table 4
Number of targets and distractors on near and far planes for each depth-changing in
each distribution condition in Experiments 3 and 4. T and D indicate target and
distractor, respectively.
Condition Preview phase Response phase
Near
plane
Far
plane
Near
plane
Far
plane
T D T D T D T D
All-Ts-near
No-depth-changing 4 0 0 4 4 0 0 4
T-depth-changing 4 0 0 4 3 0 1 4
D-depth-changing 4 0 0 4 4 1 0 3
All-Ts-far
No-depth-changing 0 4 4 0 0 4 4 0
T-depth-changing 0 4 4 0 1 4 3 0
D-depth-changing 0 4 4 0 0 3 4 1
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tive. The visual angle of the object changing in depth was held con-
stant (i.e., 0.62 of visual angle in diameter). After the object
changed its position from one plane to another, all objects
remained their depth plane until the end of a trial. There were
12 trials for each depth-changing condition, except for 24 trials
of the no-depth-changing condition. Thus, a total of 288 trials were
given to each participant (2 depth conditions  2 ﬁxation con-
ditions  72 trials for 5 depth-changing conditions).
3.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. A three-way repeated-measures
ANOVA revealed a signiﬁcant main effect of depth factor,
F(1,22) = 208.95, p < .001, gp2 = 0.90, suggesting that tracking accu-
racy was better for the shorter- than the longer-depth condition.
However, neither the main effect of ﬁxation factor, F(1,22) = 1.06,
n.s. gp2 = 0.05, nor that of depth-changing factor, F(4, 88) = 2.15,
n.s., gp2 = 0.09, was signiﬁcant. In addition, there were no signiﬁcant
interactions among the factors of depth, ﬁxation, and depth-chang-
ing. Fig. 4 shows mean number of targets accurately tracked, col-
lapsed across the ﬁxation factor, which did not show signiﬁcant
main effect and interactions with any other variable.
The results of Experiment 2 demonstrate that an object chang-
ing in depth had little effect on attentive tracking when targets and
distractors were distributed equally on the both planes at the
beginning of the trials. That is, participants could keep attentive
tracking for the targets on trials in which one of the targets or dis-
tractors changed their position in depth from one plane to another
during motion phase; this was similar to results in which all
objects remained in their plane. These results suggest that partici-
pants could attend to both depth planes, even when two planes
were placed 50 cm away from each other. Note that tracking accu-
racy worsened with an increase in depth between the planes, as
shown in the equally-distributed condition of Experiment 1. The
effect of depth factor for MOT is addressed in detail later (see
Section 8).
4. Experiment 3
The results of Experiment 2 suggested that when the moving
targets and distractors were distributed equally into two depth
planes at the beginning of a trial, participants could keep tracking
the targets even if one of the moving objects changed its position indepth during a trial. Next, we examined effects of another initial
state of trials on attentive tracking under the same object-changing
situations. In this case, all targets were presented on one plane and
all distractors were on another plane in the beginning of each trial.
If participants could attend to both target and distractor planes
from the initial state of the preview phase throughout the trial,
the tracking accuracy would not be greatly affected by the object
change in depth. However, if attending to both planes is difﬁcult,
then the change in the object’s position in depth should impair
attentive tracking.
4.1. Methods
4.1.1. Participants
A new group of 15 participants (6 males, 9 females; age 19–
26 years; mean 21.3), students at Kagoshima University took part
in this experiment. All the participants received a small payment
for participation. All had normal or corrected to normal vision.
Written informed consent was obtained from all participants.
This experiment was approved by the Committee of Ethics,
Kagoshima University in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experi-
ments involving humans.
4.1.2. Apparatus, stimuli, and procedure
All the apparatus, stimuli and procedure used in Experiment 3
was identical to those in Experiment 2, except as speciﬁed below.
In a preview phase of all trials, one depth plane had four targets
and another one had four distractors (Table 4). Four within-partici-
pants factors (depth, ﬁxation, distribution, and depth-changing)
were examined. There were two distribution conditions where all
targets were presented on all-Ts-near condition or all-Ts-far condi-
tion plane and all distractors were on another plane at the begin-
ning. There were three depth-changing conditions: a no-depth-
changing condition where all targets and distractors did not
change their depth plane throughout trials, T-depth-changing con-
dition where one of the targets changed its position in depth from
one plane to the other, and D-depth-changing condition where one
of the distractors changed its position in depth from one plane to
the other. In these depth-changing conditions, an object changed
its position in depth 2 s after the start of the moving phase. A total
of 288 trials were given to each participant (2 depth conditions  2
ﬁxation conditions  2 distribution conditions  3 depth-changing
conditions  12 repetitions).
4.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. A four-way repeated-measures
Table 5
Results of multiple post-hoc comparisons using Tukey’s HSD for three depth-changing
conditions in two depth conditions. T and D indicate target and distractor,
respectively.
Condition Shorter-depth Longer-depth
No-change D-change T-change D-change T-change
Shorter-depth
No-change ⁄ ⁄
D-change n.s.
Longer-depth
No-change n.s. n.s. n.s. ⁄ ⁄
D-change ⁄ ⁄ n.s. ⁄
T-change ⁄ ⁄ ⁄
Note. ⁄p < .05.
Fig. 5. Results of Experiment 3. T and D indicate target and distractor, respectively.
Error bars indicate the standard error.
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F(1,14) = 6.53, p = .05, gp2 = 0.32, and the depth-changing factor,
F(2,28) = 30.38, p < .001, gp2 = 0.68. However, neither the main
effect of the ﬁxation factor, F(1,14) = 1.06, n.s., gp2 = 0.07, nor that
of the distribution factor, F(1,14) = 0.42, n.s., gp2 = 0.03, was signiﬁ-
cant. An interaction between the depth and depth-changing factors
was signiﬁcant, F(2,28) = 17.72, p < .001, gp2 = 0.56. Post-hoc multi-
ple comparisons using Tukey’s HSD (5%) are shown in Table 5.
Other interactions were not signiﬁcant. Fig. 5 shows mean number
of targets accurately tracked, collapsed across the ﬁxation and dis-
tribution factors, which did not show any signiﬁcant effect and
interactions with any other variable.
The results of Experiment 3 revealed that when one of the tar-
gets changed its position in depth to the distractors’ plane during
the motion phase, tracking accuracy declined relative to the no-
depth-changing condition, regardless of the depth condition.
Similarly, when one of the distractors changed its position in depth
to the targets’ plane, tracking performance deteriorated. That is, an
object changing its position in depth during a trial impaired atten-
tive tracking to moving targets if targets and distractors were ini-
tially presented separately on different depth planes. This pattern
of results is contrary to the results shown in Experiment 2, in
which both planes initially have an equal number of targets and
distractors. It is reasonable to think that this discrepancy is due
to the initial differences in object distribution. In Experiment 3,
we speculate that participants would tend to continue attending
to a single depth plane where all targets were presented and to
ignore another one containing only the distractors from the pre-
view phase to the end of the motion phase even after one of theobjects changed its plane. In other words, participants would not
appear to be capable of resetting their attention, which had been
focused on a single depth plane, to a double plane during attentive
tracking if the distance in depth is 10 cm or greater.5. Experiment 4
Experiment 3 suggested that participants cannot reset their
attention to accommodate two depth planes during an MOT task
after initially focusing upon one of the two planes. This limitation
may be due to the somewhat unnatural 3D environments of the
current experimental setup. In Experiments 1–3, the visual angle
of all moving objects was held constant regardless of the depth
conditions. This consistency meant that participants could not
use a pictorial depth cue involving relative size, which has been
suggested as an aim to tracking moving targets (Liu et al., 2005).
To test the possibility that the lack of a pictorial depth cue of rela-
tive size caused the discrepancy between Experiments 2 and 3, the
visual angle of objects was not kept constant in Experiment 4.
Consequently, objects on the far looked smaller than those on
the near plane.
5.1. Methods
5.1.1. Participants
A new group of 16 participants (8 males, 8 females; age 18–
29 years; mean 21.7), students at Kagoshima University took part
in this experiment. All the participants were paid a small amount
for participation. All had normal or corrected to normal vision.
Written informed consent was obtained from all participants.
This experiment was approved by the Committee of Ethics,
Kagoshima University in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experi-
ments involving humans.
5.1.2. Apparatus, stimuli, and procedure
All the apparatus used in this experiment were the same as in
Experiment 3, except as speciﬁed below. The visual angles in
diameter for the moving objects presented on the near monitor,
on the far monitor for the shorter-depth condition, or for the
longer-depth condition were 0.62, 0.53, or 0.34, respectively
(i.e., the visual angles were equal if both displays were located at
same distance from participants).
5.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. Four-way repeated-measures ANOVA
revealed signiﬁcant main effects of the depth factor,
F(1,15) = 18.06, p = .001, gp2 = 0.55, and the depth-changing factor,
F(2,30) = 59.53, p < .001, gp2 = 0.80. However, neither the main
effect of the ﬁxation factor, F(1,15) = 0.00, n.s., gp2 = 0.00, nor that
of the distribution factor, F(1,15) = 3.80, n.s., gp2 = 0.20 was signiﬁ-
cant. An interaction between the depth and depth-changing factors
was signiﬁcant, F(2,30) = 9.62, p < .001, gp2 = 0.39. Post-hoc multi-
ple comparisons using Tukey’s HSD (5%) are shown in Table 6.
Other interactions were not signiﬁcant. Fig. 6 shows mean number
of targets accurately tracked, collapsed across the ﬁxation and dis-
tribution factors, which did not evidence any signiﬁcant effect or
interactions with any other variable.
The results of Experiment 4 demonstrated that the tracking
accuracy was impaired if one of the targets changed its position
in depth to another plane during the motion phase when partici-
pants could use relative size of the objects as depth cue. These
results are consistent with those in Experiment 3 where the depth
Table 6
Results of multiple post-hoc comparisons using Tukey’s HSD for three depth-changing
conditions in two depth conditions. T and D indicate target and distractor,
respectively.
Condition Shorter-depth Longer-depth
No-change D-change T-change D-change T-change
Shorter-depth
No-change n.s. ⁄
D-change n.s.
Longer-depth
No-change n.s. n.s. ⁄ ⁄ ⁄
D-change ⁄ ⁄ n.s. ⁄
T-change ⁄ ⁄ ⁄
Note. ⁄p < .05.
Fig. 6. Results of Experiment 4. T and D indicate target and distractor, respectively.
Error bars indicate the standard error.
A. Ur Rehman et al. / Vision Research 109 (2015) 1–10 7cue of relative size was not available. Therefore, it is likely that par-
ticipants could not reset attention, which had been focused on one
of two depth planes at the start of a trial, to both planes in the mid-
dle of the trail regardless of the availability of the relative size of
depth cue.6. Experiment 5
The results of Experiments 2–4 suggested that participants
could set their attention in depth depending on the initial state
of objects’ distribution, and could not reset focused attention from
a particular depth plane to two depth planes during MOT.
However, there is a possibility that the observed characteristics
of the attentional set in depth could be affected by uncertainty
caused by the initial state of objects distribution on the depth
planes. In the previous experiments, each trial began with the
same distribution of objects, which might have enabled partici-
pants to predict the initial state. It is possible that this predictabil-
ity is critical for setting attention in depth. If this is the case, when
the initial state varies unpredictably, participants should not be
able to set their attention to cover two depth planes even in trials
in which the targets were distributed equally on both planes at the
beginning. It is also possible that the predictability decreased the
ﬂexibility of attention, leading to the disability of attentional
extension during MOT. In this case, the unpredictability of the ini-
tial state would enable participants to reset their attention in trials
in which one of the targets (appeared on the same plane at the
beginning) changed its position in depth during the trial. To inves-
tigate this issue, we conducted Experiment 5 where changing-in-depth conditions of Experiments 2 and 3 were intermixed. We
examined whether performances of MOT observed in
Experiments 2 and 3 could be replicated even if the initial state
of distribution of objects randomly varied trial by trial.6.1. Methods
6.1.1. Participants
A new group of 23 participants (12 males, 11 females; age 18–
32 years; mean 22.1), students at Kagoshima University took part
in this experiment. All the participants received a small payment
for participation. All had normal or corrected to normal vision.
Written informed consent was obtained from all participants.
This experiment was approved by the Committee of Ethics,
Kagoshima University in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experi-
ments involving humans.6.1.2. Apparatus, stimuli, and procedure
All the apparatus used in this experiment were the same as in
Experiments 2 and 3, except as speciﬁed below. Eleven depth-
changing conditions were intermixed (5 conditions in
Experiment 2 and 6 conditions in Experiment 3) and condition
order was randomized for each participant. Shorter-depth condi-
tion was excluded because differences in all the changing-in-depth
conditions were not large in Experiments 2 and 3. Each participant
completed a total number of 240 trials (2 ﬁxation conditions  120
trials for 11 depth-changing conditions). Note that the number of
trials for no-depth-changing in equally-distributed condition was
doubled, as in Experiment 2.6.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. A two-way repeated-measure ANOVA
revealed that there was no main effect of ﬁxation factor,
F(1, 22) = 0.43, n.s., gp2 = 0.02 and an interaction between ﬁxation
and depth-changing, F(10,220) = 1.34, n.s., gp2 = 0.06. However,
there was a signiﬁcant main effect of depth-changing,
F(10,220) = 98.3, p = .001, gp2 = 0.82. Post-hoc multiple comparisons
of the interaction using Tukey’s HSD (5%) revealed that there were
no signiﬁcant differences among equally-distributed conditions,
while T-depth-changing conditions were lower than no-depth-
changing and D-depth-changing conditions in both all-Ts-near
and -far conditions. Fig. 7 shows mean number of targets accu-
rately tracked, collapsed across the ﬁxation factor, which did not
show signiﬁcant main effect and interactions with any other
variable.
The results of Experiment 5 replicated the results observed in
Experiments 2 and 3. That is, participants could track the targets
when one of the targets or distractors changed its position in depth
from one plane to another during the trials in which each depth
plane had two targets at the beginning of trials. It is also true that
participants failed to keep attentive tracking for the targets if one
of the targets changed its position in depth during trials in which
all targets appeared on a single plane at the beginning. These
results suggest that, even when distribution of objects varied at
the beginning of each trial, participants can focus their attention
on a particular depth or across two depth planes depending on
the initial state trial by trial, and they cannot reset their focused
attention from a particular plane to two planes during attentive
tracking. Therefore, the predictability of the initial state would
not affect the characteristics of the attentional set in depth,
observed in Experiments 2 and 3.
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Fig. 7. Results of Experiment 5. T-n-f, T-f-n, D-n-f, and D-f-n indicate T-near-to-far, T-far-to-near, D-near-to-far, and D-far-to-near, respectively. Error bars indicate the
standard error.
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The results of Experiment 1 revealed that when the targets and
distractors were distributed equally on two depth planes, tracking
accuracy was almost the same (in the shorter-depth condition) or
worse (in the longer-depth condition) than the accuracy on trials in
which all objects appeared on a single depth plane. However, a pre-
vious MOT study implies that the tracking becomes easier if the
objects were presented on different depth planes (Experiment 2
in Viswanathan & Mingolla, 2002). This inconsistency can be
explained by differences in depth between near and far planes. In
Viswanathan and Mingolla’s study, the depth between two planes
was about six to seven cm (given that viewing distance was
120 cm), whereas we adopted larger differences i.e., 10 or 50 cm
in Experiment 1. If it is true that attentive tracking is impaired
by the increased distance, then by conducting an experiment with
a shorter depth (i.e., 6 cm) will improve the efﬁciency of the track-
ing targets when each plane has targets and distractors. To test this
possibility we conducted this experiment with a depth difference
of 6 cm between near and far planes.
7.1. Methods
7.1.1. Participants
A new group of 19 participants (13 males, 6 females; age 19–
32 years; mean 22.7), students at Kagoshima University took part
in this experiment. All the participants received a small payment
for participation. All had normal or corrected to normal vision.
Written informed consent was obtained from all participants.
This experiment was approved by the Committee of Ethics,
Kagoshima University in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experi-
ments involving humans.
7.1.2. Apparatus, stimuli, and procedure
All the apparatus used in this experiment were the same as in
Experiment 1, except the distance between two depth planes,
which was kept 6 cm.
7.2. Results and discussion
Tracking accuracy was computed by averaging the number of
targets accurately tracked. A two-way repeated-measures ANOVA
revealed that there was no signiﬁcance of main effect of ﬁxationfactor, F(1,18) = 0.39, n.s., gp2 = 0.02, and interaction between ﬁxa-
tion and distribution factors, F(6,108) = 1.74, n.s., gp2 = 0.09.
However there were signiﬁcant main effects of distribution factor,
F(6,108) = 49.31, p < .001, gp2 = 0.73. Multiple post hoc comparisons
using Tukey’s HSD (5%) showed that the tracking performance for
equally-distributed condition was signiﬁcantly higher than for all-
objects-near and all-objects-far conditions, as shown in Fig. 8,
where data in 10 cm depth-condition obtained in Experiment 1
are replotted for comparison.
These results suggest that attentive tracking was better when
the targets and distractors were distributed on two planes with a
distance of 6 cm than when all objects were on a single plane,
and the reason why Experiment 1 did not replicate the previous
ﬁndings (Viswanathan & Mingolla, 2002) would be the different
distances between the two planes. These results clearly reveal
the evidence that efﬁciency of attentive tracking depends on the
distance in depth not only in stereoscopic but also in real 3D
environments. On the contrary, dividing targets on two depth
planes does not always improve performance; e.g., more than
10 cm depth ranges.
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In the present study, we investigated whether randomly mov-
ing targets among distractors can be tracked when they were pre-
sented in real 3D space where two depth planes were physically
separated. In Experiment 1, the effect of depth on attentive track-
ing was examined if targets and/or distractors were presented on
the different depth planes separated physically by 10 or 50 cm.
We found that tracking accuracy was nearly perfect when targets
and distractors appeared separately on different planes. On the
contrary, tracking targets presented on both planes among distrac-
tors became difﬁcult when the distance between the planes
increased. These results indicate that it is relatively easy to focus
on a single plane having only targets, whereas it is difﬁcult to
attend two planes, both of which have not only target(s) but also
distractor(s). In Experiments 2–5, we investigated whether partici-
pants could keep tracking when one of the moving objects changed
its position in depth from one plane to another during an execution
of the task. The results of Experiment 2 demonstrated that if the
targets and distractors were distributed equally into two depth
planes at the beginning of trials, participants could track targets
even if one of the objects moved to other plane. This result sug-
gests that, if targets are presented on two depth planes simultane-
ously before engaging in attentive tracking, participants can set
and maintain attention to both planes at least during 4.2 s of the
motion phase. However, in Experiments 3 and 4, when targets
and distractors were initially presented separately on different
planes, changing the depth of an object interfered with tracking
accuracy, regardless of stability of objects’ visual angle
(Experiment 3) or not (Experiment 4). These results suggest that
it is difﬁcult to reset attention to cover two depths during attentive
tracking even if the distance in depth between them is as small as
10 cm. This effect might be caused by the predictability of object
distribution at the initial state of each trial. In Experiment 5, we
investigated whether random changes of the object’s distribution
at the beginning affect the ability of the attentional set in depth.
The results of Experiment 5 suggested that, even when participants
could not predict the objects’ distribution in the initial states, they
could set their attention for a particular depth or across two depths
according to the initial state, and could not reset attention in depth
during MOT. Experiment 6 extended the ﬁndings of Experiment 1
that attentive tracking became easier when the target were dis-
tributed on two planes with a distance of 6 cm than when all tar-
gets were on a single plane.
The results from Experiments 2–5 clearly reveal important
characteristics of attentional set for tracking objects in a real 3D
space. That is, attentional set to multiple depth planes is depen-
dent on an initial state prior to the start of MOT task in each trial.
Attention can be set to two depth planes if both planes contain tar-
gets without the predictability of the initial state, but it appears to
be difﬁcult for the viewer to set their attention simultaneously to a
targets’ plane and a non-target’s plane. In addition, it also seems
difﬁcult to reset attention that has been already set to focus on a
single plane and then to extend that set to accommodate multiple
depth planes during attentive tracking. It is possible that resetting
attention to extend depth requires attentional resources. In this
case, tracking four moving targets is likely to fully consume these
resources, hence it does not allow resetting attention. The results
of Experiment 5 suggest a new ﬁnding that participants could set
their attention to a particular depth or across multiple depths at
the initial state of objects distribution, even when different initial
conﬁguration is applied trial by trial. Note that, we do not intend
to imply that the limitation of an attentional set in depth is domi-
nant under any 3D environment.
In the current experiments, a target suddenly changed from one
depth plane to another. Whereas, in the real world, from a viewer’sperspective, an object’s appearance changes gradually as it moves
in depth. This gradual change of depth may help to extend atten-
tional set during attentional tasks. However, given that extending
attention in depth essentially consumes resources, the basic char-
acteristics of limits on attentional set should be common in both
the current setup and in the real world. The present study is a ﬁrst
step toward understanding the relationship between the charac-
teristics of attentional set to track moving objects and initial states
of distribution of the objects in 3D environments.
Throughout Experiments1–4, if both depth planes had targets
simultaneously, at least within the second half of the trials, then
tracking accuracy tended to be better when the distance between
planes was 10 cm than when it was 50 cm (except the three-Ts-
far condition in Experiment 1). These results imply that attentive
tracking was impaired if both depth planes had targets and the dis-
tance between two planes was kept 50 cm. From the optical fac-
tor’s point of view, it is possible that attentive tracking was
affected by larger distance due to blurred and diplopic vision. In
principle, optical blur occurs for near and far objects at the distance
to which the lens is accommodated. Exceptionally, objects pre-
sented on a non-focused plane appeared to be sharp if they fell
inside the depth-of-focus. A typical range of the depth-of-focus is
±0.5 diopter from an accommodated point (for a review,
Patterson, 2009). In this case, the distal edge of the range is about
26 cm from an accommodated plane located 60 cm from an obser-
ver, while the proximal edge is about 39 cm if the viewing distance
is 110 cm. Thus, in the present study, the unaccommodated plane
must be within the depth-of-focus in the 10 cm depth-condition,
but not in the 50 cm depth-condition. Similarly, each of the objects
presented on non-focused plane, fell inside the Panum’s fusional
area, can be perceived single-element. The limit of Panum’s
fusional area is about ±0.2 for a tiny disk or dot at the fovea but
it can be increased depending on an eccentricity of the dot (e.g.,
about 1 at eccentricity of 5; Palmer, 1961). The fusion limit also
expands if diameter of a disk enlarges (Grove, Finlayson, & Ono,
2014). In addition, the range of fusion is larger for moving stimuli
than for static ones (Fender & Julesz, 1967). In the light of these
ﬁndings, most moving objects presented in a plane located 10 cm
far from a focused plane would be within Panum’s fusional area,
while objects presented at a distance of 50 cm should be out of
the area in the present study. Therefore, it is likely that the targets
were appeared blurred and diplopic in the 50 cm depth-condition,
leading to the poor tracking performances compared with the
10 cm depth-condition where most of the targets were seen
clearly.
The results of Experiment 6 indicated that the targets dis-
tributed equally on two planes were easy to track if the planes
were separated by 6 cm than by 10 cm, although in both conditions
the targets appeared to be inside the depth-of-focus and the
Panum’s fusional area. If this is true then the performance for
6 cm and 10 cm should be the same in terms of optical factor.
The higher tracking accuracy observed in 6 cm depth-condition
may be explained by spatial processing under cognitive factor;
attention in 3D space is viewer-centered and efﬁciency is better
for the shorter distances between two planes than larger distances
(e.g., Andersen, 1990; Andersen & Kramer, 1993). It is possible that,
if the depth between two planes was 6 cm, high efﬁciency of atten-
tion in 3D space emphasized the subjective separation, which
would help to distinguish between moving targets and distractors
when they are accidentally overlapped from an observer’s point of
view (Viswanathan & Mingolla, 2002). However in the larger depth
(10 cm), less efﬁciency of attention would provide less subjective
separation, leading to the similar performances regardless of
whether the targets were distributed or not.
Attentive tracking has addressed an important question of how
attention can be divided. Pylyshyn and Storm (1988) proposed that
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attached to each target and a single focus of attention can be
switched to the targets based on these indexes (see also
Pylyshyn, 2001). According to the FINST model, when one of the
targets changes its position in depth from one plane to another,
even located outside the attentional set, a preattentive index
should be attached to a target, and thus, can be tracked.
However, the results of Experiments 3–5 showed that when the
targets changed their depth it was harder to track when attention
was set for a particular depth plane. Therefore, the results of this
study would not be consistent with the FINST model. On the con-
trary, multifocal attention theory (Cavanagh & Alvarez, 2005)
would explain our observations. The multifocal attention theory
supposes that attention for tracking moving objects can be divided
during motion phase and each target has an independent focus of
attention at the same time. Therefore, if one of the targets moves to
an unfocused depth plane, attention should unstick from the tar-
get, leading to failures to track. Our experiments could also be
explained through grouping theory, which assumes that the per-
ceptual representation of a virtual-polygon is constructed at initial
conﬁguration of the targets division, and during motion phase the
vertices of a virtual-polygon are moved depending on the targets’
location and form different shapes (Yantis, 1992). Viswanathan
and Mingolla (2002) suggest that the virtual-polygon can be
formed not only in 2D but also in 3D, which enables tracking multi-
ple targets presented on different depth planes. In this case, when
attention is set across both planes the vertices of the virtual-poly-
gon should be within attentional area, and therefore easy to track
the changing in depth target, whereas when attention is set on a
particular plane, moving a target to outside the attentional set
should be directly linked to a loss of a vertex, making the virtual-
polygon collapse. Although the data obtained in this study does
not allow us to conclude precisely which of the theories, multifocal
attention or grouping, provide a superior account of MOT, our
results suggest that preattentive indexes of targets seems not to
work for tracking targets, at least in the current real 3D space.
In our study, although there was a ﬁxation factor in all of our
experiments, none of them evidenced any signiﬁcant main effect
and interaction with other variables. A study about eye movements
suggests that participants look at the center of the moving objects
during MOT (Fehd & Seiffert, 2008). Similarly, it is easy to track
multiple moving targets by looking at center of objects, rather than
looking at shifting gaze from one target to another (Fehd & Seiffert,
2010). It is possible that participants in our experiments tended to
look at the center of targets, rather than a ﬁxation mark during
tracking, which caused no reliable ﬁxation effect. Further studies
are required to clarify the possibility of whether a ﬁxation plane
affects the depth effect on attentive tracking.
In conclusion, the present study demonstrated that increasing
depth differences between two physically separated planes impair
attentive tracking of moving targets when to-be-tracked targets
appear on both planes. Furthermore, attention can be set to cover
two depth planes if targets are presented on both planes before the
start of attentive tracking. However, it is difﬁcult for viewers to
reset attention that has been focused on a single plane to extend
it to cover two planes, especially at a time when one begins to
engage in tracking. Our ﬁndings suggest that humans can atten-
tively track targets in the same way as if they are on a single plane
when in fact the targets are presented on different depth planes insome situations. The efﬁciency of the attentive tracking in depth is
critically dependent not only on the distance but also on an initial
state of distribution of the targets. In addition, human have ﬂexible
ability to set their attention on a particular depth or across two
depths according to the initial position of the objects in a real 3D
space even when the initial position is not predictable.Acknowledgments
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